Kluyveromyces lactis is a yeast which cannot grow under strict anaerobiosis. To date, no factors responsible for oxygen sensing and oxygen-dependent regulation of metabolism have been identified. In this paper we present the identification of the glucose sensor Rag4 as a factor essential for oxygen-dependent regulation of the fermentative pathway.
In Kluyveromyces lactis, the KlPDC1 gene encodes the single pyruvate decarboxylase (2) . Its expression is subjected to glucose induction, ethanol repression, autoregulation, and hypoxic induction (5) . In addition to being of interest in regard to basic knowledge, the oxygen-dependent regulation of KlPDC1 promoter is also of biotechnological interest because it could represent an inexpensive inducible system to produce recombinant proteins in yeast (3) . However, the factors involved in this regulatory mechanism are still unknown. A strain harboring the KlPDC1 promoter fused with the lacZ reporter gene was randomly mutagenized in order to isolate mutants with mutations in the oxygen-dependent regulation of KlPDC1.
Construction of the reporter strain. The strains used in this work are listed in Table 1 . The CSK strain, used for mutagenesis, was constructed by crossing the PM4-4B and HNK2 strains. After segregation and counterselection on medium containing 5-fluoroorotic acid (5-FOA), a MAT␣ uraA1-1 leu2 lac4::ura3 strain was obtained. This strain was transformed with the integrative plasmid KpPLF (Fig. 1) , which carried the KlPDC1 promoter fused with the lacZ reporter gene, to obtain the CSK strain (Table 1) . KpPLF plasmid was constructed by cloning the SalI/NheI fragment of pMD12 (5), corresponding to the KlPDC1 promoter fused to lacZ, into the SalI/XbaI sites of YCplac111 (6), whose ARS/CEN sequences had previously been excised by BglII/BamHI digestion and successive circularization. The integration of the plasmid by homologous recombination at the KlPDC1 promoter was verified by PCR (data not shown).
Selection of hypoxic mutants. Random mutagenesis and screening of the mutants were performed on cells grown on medium devoid of glucose to avoid glucose induction of the KlPDC1 promoter. About 10 8 cells of strain CSK, from an 
MATa uraA1-1 adeT-600 rag3:: (18) supplemented with 2% Casamino Acids (Becton Dickinson) in an anaerobiosis jar (Oxoid). About 10,000 clones were screened in parallel under normoxic and hypoxic conditions in order to identify clones showing a misregulation of the KlPDC1 promoter in response to hypoxia. Thus, ␤-galactosidase activity of the clones was detected using top agar containing 0.5% agarose, 4% N,N-dimethyl formamide, 0.1% SDS, and 40 mg/liter X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside). After the first screening, quantitative ␤-galactosidase assays were performed on approximately 100 selected clones, using permeabilized cells grown in YP, as described by Miller (14) with minor modifications. For the few most interesting clones, ␤-galactosidase activity was then assayed using crude extracts. One of these clones, named CSK27, was found to show noninduction of the KlPDC1 promoter under hypoxia (Fig. 2) . Role of Rag4 in the hypoxic response. In addition to the absence of hypoxic induction, it was found that strain CSK27 showed a Rag Ϫ phenotype (7) (Fig. 3A) , which is the incapacity to grow by fermentation on GAA plates (YP medium containing 5% glucose and a 5 M concentration of the mitochondrial inhibitor antimycin A). To date, the isolated Rag Ϫ mutants define more than 20 RAG complementation groups corresponding to genes encoding proteins involved in glycolytic and/or fermentative pathways or their regulators (19) . Therefore, we performed complementation tests between the CSK27 strain and the previously isolated rag mutants (listed in Table  1 ). As shown in Fig. 3B , the rag mutation of strain CSK27 is allelic to the rag4 mutation affecting the glucose sensor-encoding gene (1) . RNAs were extracted as described by Köhrer and Domdey (12) from cells of the rag4-1 mutant strain PM6-7A/ VV32 and its parental wild-type strain PM6-7A, grown on YP medium with and without added glucose, before (normoxic) and after hypoxic induction (5). Northern blotting was performed as described previously (2) . Under normoxic conditions, the amount of KlPDC1 transcript was the same in the wild type and in the mutant. However, in the rag4 strain (PM6-7A/VV32), KlPDC1 expression was no longer induced by hypoxia ( Fig. 4A and B) , independently of the presence of glucose (results on glucose medium not shown). Such a finding is in agreement with the results of ␤-galactosidase assays. The expression of the RAG4 gene in strains CSK and CSK27 was assayed by Northern blotting in cells grown under normoxic and hypoxic conditions in order to test if RAG4 itself was regulated by hypoxia, but it was found not to be induced by oxygen depletion (Fig. 4C) .
Conclusion. In contrast to the case for Saccharomyces cerevisiae, in which the response to oxygen has been widely studied and many factors and signaling pathways have been characterized (10, 11, 13, 20) , little is known about the oxygendependent regulation in K. lactis. In the present study we report for the first time the identification of a factor involved in the oxygen-dependent regulation of metabolism. We have shown that the glucose sensor Rag4 would be essential for the hypoxic induction of the KlPDC1 gene. The Rag4-dependent hypoxic induction is not related to the presence or absence of glucose, suggesting that the sensor protein might have the dual The existence of an additional pathway specific for oxygen signaling should also be considered.
